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ABSTRACT

The growing global demand for renewable energy has driven significant advancements in solar
energy technology, particularly in photovoltaic (PV) systems and inverters, which convert solar-
generated DC into usable AC. Despite progress, traditional inverters face challenges such as
inefficiency, high harmonic distortion, and limited adaptability to dynamic environmental
conditions. This project aims to design a microcontroller-based solar inverter that integrates
advanced control algorithms like Maximum Power Point Tracking (MPPT) and Pulse-Width
Modulation (PWM) to enhance efficiency, reliability, and adaptability. By leveraging modern
microcontroller technology, the project seeks to improve energy conversion, reduce costs, and
address the limitations of conventional designs, contributing to the broader adoption of solar

energy systems.

The process begins with modeling the photovoltaic (PV) array using Simulink’s Simscape
Electrical library, incorporating real-world parameters such as irradiance and temperature to
simulate I-V and P-V curves. The MPPT algorithm, specifically the Perturb and Observe (P&O)
method, is implemented to optimize power extraction under varying conditions. PWM is generated
using a PID controller to regulate the DC-DC boost converter, which steps up the PV voltage. An
H-Bridge inverter, controlled by Sinusoidal PWM (SPWM), converts the boosted DC into a clean
AC waveform. The complete system integrates the PV array, MPPT, boost converter, and inverter,
with simulations conducted to validate performance under diverse environmental and load

conditions.

This project successfully designed and simulated a microcontroller-based solar inverter system.
The PV array, modeled under varying irradiance and temperature conditions, consistently
generated around 5300W, operating near its maximum power point. The boost converter
efficiently stepped up the PV voltage to 275.1V with over 90% efficiency, while the H-bridge
inverter produced a clean 220V AC output with minimal harmonic distortion. System integration
demonstrated robust performance under diverse environmental and load conditions, achieving an

overall efficiency exceeding 90%.
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CHAPTER ONE

INTRODUCTION

1.1 Background Study

The increasing global demand for renewable energy has driven significant advances in
solar energy technology, especially in photovoltaic (PV) systems that convert sunlight into
electricity. Solar energy, being abundant and sustainable, is a leading alternative to fossil fuel-
based energy sources. One of the critical components in solar energy systems is the inverter, which
converts direct current (DC) generated by solar panels into alternating current (AC) used by
household appliances and grid systems. The development of solar inverters dates back to the early
adoption of solar power systems in the mid-20th century, where early designs focused on simple
DC to AC conversion. These early inverters were primarily based on electromechanical
techniques, utilizing large transformers to convert power. The systems were bulky, expensive, and
inefficient, with conversion losses reducing the overall effectiveness of solar energy utilization.
By the 1980s, with the advancement of solid-state electronics, solar inverters began transitioning
to more efficient designs. Silicon-controlled rectifiers (SCRs) and transistors enabled more
compact and reliable inverters, offering greater efficiency and reduced cost. These inverters,
however, were still limited in terms of control and flexibility, lacking the ability to adapt to
changing environmental conditions such as fluctuations in solar irradiance and load demand. The
late 1990s and early 2000s saw significant improvements with the introduction of pulse-width
modulation (PWM) techniques for waveform generation. PWM allowed inverters to produce more
accurate sine wave outputs, reducing harmonic distortion and improving power quality. These
advancements marked a significant step forward in inverter technology, particularly for grid-tied
systems, where waveform quality is essential for efficient energy transfer. The incorporation of
microcontrollers into inverter systems marked a new era in solar energy technology.
Microcontrollers provided a flexible platform for real-time monitoring, control, and optimization
of inverter performance. Early works on microcontroller-based inverters focused on improving the
precision of PWM generation, allowing for finer control over the AC output. Microcontrollers also

enabled better system management by integrating functions such as overcurrent protection, fault



detection, and energy efficiency improvements. Several notable projects and research works
contributed to this field. In the early 2000s, researchers began exploring ways to integrate
microcontroller technology into solar inverters to enhance efficiency and reduce system
complexity. One such method was proposed by Patel and Agarwal et al., 2003, who developed
a microcontroller-based inverter capable of generating high-quality sine waves with minimal
harmonic distortion. Their approach used a combination of PWM control and feedback loops to
adjust the inverter's output based on real-time load demands. In a similar vein, Rashid et al., 2004
introduced the use of advanced control algorithms embedded in microcontrollers to optimize the
performance of solar inverters. His research demonstrated that microcontroller-based inverters
could dynamically adjust their output to match varying solar irradiance levels and grid
requirements. This was a breakthrough in improving the reliability and efficiency of solar power
systems. More recent works have focused on hybrid inverter designs that incorporate maximum
power point tracking (MPPT) algorithms, further enhancing the system's ability to extract the
maximum possible energy from solar panels. Lee et al., 2012 demonstrated a microcontroller-
based inverter with integrated MPPT, achieving significant gains in efficiency during varying
environmental conditions. Their system used real-time data from sensors to adjust the inverter’s
operating point, ensuring that solar panels operated at their optimal power output under all
conditions. The transition to microcontroller-based inverters has significantly improved the
adaptability and efficiency of solar energy systems. Modern microcontroller-based inverters offer
advanced features, such as grid synchronization, real-time energy management, and enhanced fault
tolerance, making them a vital component of both residential and industrial solar applications.
Despite these advancements, challenges remain, particularly in improving the overall system
efficiency, reducing costs, and enhancing the robustness of the design under extreme
environmental conditions. This project builds on the historical evolution of inverter technology
and aims to design and implement a microcontroller-based solar inverter that addresses the
limitations of traditional designs while incorporating the latest advancements in power electronics
and control systems. By leveraging modern microcontroller technology, this study seeks to
improve inverter efficiency, ensure high-quality AC output, and enhance system protection

through intelligent control and monitoring mechanisms.



1.2 Statement of Problem

The growing demand for renewable energy, particularly solar power, has led to significant
advancements in inverter technology. However, despite the progress made in solar inverter design,
there remain critical issues that limit the efficiency, reliability, and affordability of existing
systems. Many traditional solar inverters are still based on older technologies that lack the
flexibility to adapt to dynamic environmental conditions such as fluctuations in solar irradiance
and load variations. Furthermore, these systems often suffer from high harmonic distortion, which
reduces power quality and limits compatibility with sensitive electronic equipment. Several
existing inverter designs, especially in developing regions, rely on outdated methods of DC to AC
conversion, which are inefficient and prone to power losses during the energy conversion process.
This inefficiency results in decreased system performance, higher operational costs, and reduced
energy savings for users. Additionally, many older inverters do not integrate modern control
algorithms, such as Maximum Power Point Tracking (MPPT) and adaptive PWM control, which
are crucial for maximizing energy output and maintaining system stability under varying solar
conditions. Recent studies have highlighted ongoing challenges in addressing these inefficiencies.
For instance, Wang et al., 2021 identified that many traditional inverters lack the real-time adaptive
control necessary to optimize energy conversion, leading to suboptimal performance during
periods of fluctuating solar energy input. Similarly, Oladimeji and Afolabi et al., 2022 pointed out
that older systems often fail to incorporate robust protection mechanisms, such as overvoltage and
fault detection, which compromises the longevity and safety of solar installations. Moreover,
advancements in microcontroller technology, particularly the use of modern low-cost
microcontrollers, have demonstrated the potential for more intelligent inverter systems. These
microcontroller-based systems can dynamically adjust their output in real-time, integrate fault
detection algorithms, and improve overall power quality. Despite this, the adoption of these
microcontroller-based solutions in the design of solar inverters remains limited due to the
persistence of outdated inverter designs. This project aims to address these problems by designing
and implementing a microcontroller-based solar inverter that leverages the latest advancements in
power electronics and control algorithms. The proposed system will provide a more efficient,
reliable, and adaptable solution by incorporating modern techniques such as PWM signal

generation, MPPT, and real-time monitoring. By addressing the limitations of older systems, this



project will contribute to improving the overall performance and cost-effectiveness of solar energy

systems.

1.3 Aims and Objectives

The primary aim of this project is to design and simulate a microcontroller-based solar
inverter that enhances the efficiency, reliability, and adaptability of solar energy conversion

systems, while addressing the limitations of traditional inverter designs. And the objectives are:

1. Design the Photovoltaic Array: An array of photovoltaic cells is designed on Simulink.
It accurately represents real-world solar panel behavior under varying environmental

conditions (irradiance and temperature).

2. Implement Maximum Power Point Tracking (MPPT): An MPPT algorithm is
developed and integrated to ensure the PV array operates at its maximum power point
under all conditions. It dynamically adjusts the PV array’s operating point to maximize

power extraction, under varying irradiance and temperature conditions.

3. Design a DC-DC Boost Converter: The PV array’s output voltage is stepped up to a level
suitable for the inverter input. A boost converter is designed with appropriate inductor,

capacitor, and switching components.

4. Develop an H-Bridge Inverter: The boosted DC voltage is converted into a clean AC
waveform for grid or load connection. An H-bridge inverter is designed using MOSFETS,
to implement Sinusoidal Pulse Width Modulation (SPWM) to generate a high-quality
AC waveform. The inverter is to operate efficiently with low harmonic distortion.

5. Integrate and Simulate the Complete System: The PV array, MPPT algorithm, boost
converter, and inverter are combined into a single system and simulated for its
performance. The system’s performance is analyzed under varying environmental and load

conditions.



1.4 Significance of study

The significance of this study lies in its contribution to the ongoing development of renewable

energy technologies, particularly solar energy systems. As global energy demand continues to rise

and environmental concerns surrounding fossil fuel consumption become more pressing, the need

for efficient, reliable, and affordable solar energy systems has never been more critical. This

project, which focuses on the design and implementation of a microcontroller-based solar inverter,

offers several important contributions:

1.

Improved Energy Conversion Efficiency: By integrating a microcontroller and
implementing advanced control algorithms such as Pulse-Width Modulation (PWM) and
Maximum Power Point Tracking (MPPT), this inverter will ensure that solar panels operate
at their peak efficiency. This will lead to better energy conversion, making solar systems
more effective in harnessing renewable energy, thus increasing their viability as
alternatives to conventional power sources.

Enhanced System Flexibility and Adaptability: Traditional solar inverters often struggle
with fluctuating environmental conditions such as changes in sunlight intensity or load
demand. This project’s use of microcontroller technology enables real-time monitoring and
dynamic adjustments to optimize system performance under varying conditions. This
flexibility improves the reliability of solar power systems in diverse settings, including off-
grid and grid-tied installations.

Cost-Effectiveness and Accessibility: The microcontroller-based design proposed in this
study aims to reduce the overall cost of solar inverters by minimizing the need for bulky,
expensive components often used in conventional systems. A more cost-effective inverter
can lower the entry barrier for individuals and businesses, particularly in developing
regions where solar energy adoption is hindered by high initial costs.

Contribution to Technological Innovation: This project advances the field of power
electronics by demonstrating how modern microcontrollers can be applied to optimize solar
inverter performance. This study adds to the body of knowledge regarding energy
conversion systems and microcontroller applications, potentially influencing future

designs and leading to more intelligent, adaptive inverter technologies.



5. Environmental and Societal Impact: The successful implementation of an efficient and
reliable solar inverter system can contribute significantly to reducing dependence on non-
renewable energy sources, thereby lowering greenhouse gas emissions. By providing an
accessible and scalable solution, this project supports the global transition toward clean
energy, promoting sustainability and addressing key environmental concerns.

6. Potential for Broader Applications: Although the focus of this study is on solar energy,
the principles and techniques used—such as microcontroller-based control and energy
optimization—have broader applications in other renewable energy systems (e.g., wind
and hybrid systems). This makes the outcomes of this study relevant to the wider field of

renewable energy technology.

1.5 Scope and Limitations
1.5.1 Scope

The scope of this project focuses on the design and simulation of a microcontroller-based
solar inverter.

1.5.2 Limitations

While this project aims to address several challenges in solar inverter design, there are certain

limitations:

1. PV Array Limitations: Performance of the PV array is dependent on environmental
factors such as irradiance and temperature, making it sensitive to real-world conditions.
The model cannot account for manufacturing inconsistencies or long-term degradation, as
well as arbitrary scenarios such as shading, dust accumulation, or cloud cover.

2. Boost Converter Limitations: Switching losses in parts like the MOSFET and diode
reduce the boost converter's efficiency, and the simulation might not adequately account
for these losses. Performance inconsistencies could result from real-world circumstances

pushing the MOSFET, inductor, and capacitor above their ideal values.



3. H-Bridge Inverter Limitations: The simulation does not fully account for the harmonic
distortion introduced by the H-Bridge inverter, which degrades the quality of the AC
waveform.

4. Scalability: Due to the project's emphasis on a small-scale system, scaling it for larger
applications, such as commercial or industrial installations, may be challenging. Issues
with grid integration, such as synchronization or adherence to IEEE 1547 or other grid

standards, are not covered.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Electronic equipment requires AC power to function; nonetheless, batteries and other
power-generating sources generate DC voltage, which must be converted into a source that the
equipment can use. For seamless operation of electrical and electronic gadgets, a power-rating
inverter is therefore required. Quasi-square wave or square wave inverters really make up the
majority of inverters sold commercially. Because this inverter runs on harmonic components,
electronic equipment powered by it will be damaged according to Qazalbash, A. A., Amin, A,
Manan, A., & Khalid, M. (2009)!4

2.2 Review of Solar Inverter Technologies

2.2.1 Overview of the API-P300 Solar Inverter by Advance Power

The API1-P300 solar inverter by Advance Power is a robust and versatile component designed for
modern solar energy systems. It is compatible with a wide range of solar panel setups, including
grid-tied and off-grid configurations, making it a popular choice for homeowners and businesses
alike. The inverter is particularly well-suited for use with the API-P300 solar panels, which are

known for their high efficiency and durability.

How the API-P300 Inverter is Used

1. Grid-Tied Systems: The API-P300 inverter is commonly used in grid-tied solar systems,
where it converts the direct current (DC) generated by solar panels into alternating current
(AC) for use in homes or businesses. Excess energy can be fed back into the grid, often

earning credits through net metering programs.



2. Off-Grid Systems: For remote or standalone systems, the API-P300 inverter can be paired
with battery storage solutions to store excess energy. This ensures a reliable power supply

during periods of low sunlight or power outages.

3. Hybrid Systems: The inverter is also compatible with hybrid systems that combine solar
panels, battery storage, and grid connectivity. This setup allows users to maximize energy

independence while maintaining a connection to the grid for backup.

4. Residential and Commercial Applications: The API-P300 inverter is widely used in both
residential and commercial settings due to its scalability and ability to handle varying

energy demands.

Strengths of the API-P300 Inverter

1. High Efficiency: The API-P300 inverter ensures minimal energy loss during the

conversion process, maximizing the power output from solar panels.

2. Durability and Reliability: The inverter is designed to operate in a wide temperature range
(-40°C to 85°C), making it suitable for diverse climates. Its robust construction and high-

quality materials ensure long-term performance.

3. Compatibility: The API-P300 inverter is compatible with various solar panel types,
including the AP1-P300 solar panels, and can be integrated with energy storage systems
for added flexibility.

4. Warranty and Support: Advance Power offers a 10-year output warranty (90% output
power) and a 25-year warranty (80% output power), providing users with peace of mind

and long-term reliability.

5. Thermal Performance: The inverter's temperature coefficients, such as the Temperature
Coefficient of Pmax (-0.42 %/°C), ensure stable performance even under extreme weather

conditions.



6. Safety Features: With an IP65-rated junction box and MC4 connectors, the inverter is

designed to withstand harsh environmental conditions and ensure safe operation.

Woeaknesses of the API1-P300 Inverter

1. Moderate Efficiency: While the API-P300 inverter is efficient, its 15.5% efficiency
rating is lower compared to some premium inverters on the market, which can achieve

efficiencies of 20% or higher.

2. Weight and Size: The inverter is relatively heavy (21.4 kg), which may complicate
installation and require additional structural support.

3. Limited Advanced Features: The API-P300 inverter lacks some advanced features found
in higher-end models, such as smart monitoring capabilities or integration with home

energy management systems.

4. Power Tolerance: The inverter has a +3% power tolerance, which, while acceptable,

may not be as precise as some competing models with tighter tolerances.

5. Cost: While not the most expensive option, the API-P300 inverter may be priced higher
than entry-level models, which could be a consideration for budget-conscious consumers.

2.3 Microcontroller-Based Inverter Systems

2.3.1 Historical Development of Microcontroller Used in Inverters

The integration of microcontrollers into inverter designs began gaining traction during the
late 1980s and early 1990s as digital control systems became more accessible and affordable. Early
implementations primarily utilized basic microcontrollers for simple control tasks. Over time,
advancements have led to the development of sophisticated algorithms that facilitate real-time
monitoring and control functions crucial for optimizing inverter performance (Zhang & Wang,
2018)5!
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2.5 Maximum Power Point Tracking (MPPT) Algorithms

2.5.2 Methodological Gaps in MPPT Research

MPPT algorithms, although efficient in the optimization of photovoltaic systems, often fall
short in providing fast and accurate power point voltage outputs. As expressed by Harrison
Alombah Ndongmo (2023)[%], on the one hand, most of the conventional algorithms such as the
incremental conductance (INC) demonstrate a good affinity for the maximum power point (MPP)
but often fail to ensure acceptable stability and robustness of the PV system against fast-changing
operating conditions. On the other hand, the MPPT nonlinear controllers can palliate the robust
limitations of the algorithms. However, most of these controllers rely on expensive solar irradiance
measurement systems or complex and relatively less accurate methods to seek the maximum power

voltage. 1]

Fixed perturbation size serves as a trade-off between accuracy and speed, causing delays
when adjusting to rapid changes in solar irradiation or temperature. Small perturbations improve
precision but slow down the algorithm's ability to reach the new Maximum Power Point (MPP),
while larger perturbations increase oscillations around the MPP, leading to power losses. Several
studies propose improvements, notably Yong Yang, Huiging Wen (2019)[7. This paper proposes
adaptive perturbation sizes that dynamically adjust based on the operating environment.l¥l These
methods can significantly reduce oscillations and improve tracking efficiency during rapid
irradiance changes, as demonstrated in various experimental setups. Recent works, including that
of Yinxiao Zhu, Moon Keun Kim, Huiging Wen (2019)8l, incorporate predictive control or
variable step sizes, which enhance the tracking speed while minimizing steady-state power

losses.[“]

2.5.3 Implication of MPPT Weaknesses in Existing Designs

The implication of the above discussed weaknesses in MPPT designs will be discussed
based on the various MPPT techniques highlighted earlier, as described by B. Pakkiraiah, G.
Durga Sukumar (2016)1,

11
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a.

Incremental Conductance Based Technique: Classically, it is the mostly used technique
as a part of the Hill Climbing algorithm, but it has the drawback in decision making as the
speed increases in proportion to the step size of the error. However, higher error step size
reduces the efficiency of MPPT and direction errors under rapid atmospheric changes.

Perturbation and Observation Based Technique: It operates by perturbing a direction’s
radiation on the PV array. Energy waste results from oscillations in the operating point
within the MPP region. Several intentional modifications to the P&O algorithm have been
made to reduce oscillations in the steady state; nevertheless, this reduces the program's

response time during atmospheric fluctuations.

Avrtificial Neural Network Based Techniques: ANN and Differential Evolution (DE) are
applied by Sheraz and Abido[ in addition to traditional MPPT to track the maximum
power point, thereby resolving the issue of the PV array's nonlinear properties under
rapidly changing temperature and irradiance. This will impose a number of challenges
including complexity and computational requirements, training time and data dependency,

sensitivity to environmental changes, overfitting risks and cost of implementation.

2.6 Boost Converters

2.6.1 Principles of Operation

A boost converter is a DC-DC power converter that steps up the input voltage to a higher

output voltage. It operates by storing energy in an inductor during the ON state of the switch
(MOSFET or IGBT) and releasing it to the load during the OFF state.

Voltage Gain: Vout:%

o D: Duty cycle of the switch.

Vin.D
L.fsw

Inductor Current Ripple: AlL=
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o L: Inductance.

o fsw: Switching frequency.

_Iout. D
C. fsw

o Output Voltage Ripple: AVout

o C: Capacitance.

2.6.2 Applications

a. Solar Power Systems: Step up the low voltage from PV panels to a higher voltage for

inverters.
b. Battery Charging: Boost the voltage from batteries to power higher-voltage loads.
c. LED Drivers: Provide stable voltage for LED lighting systems.

d. Electric Vehicles: Boost the battery voltage for motor drives.

2.6.3 Design Considerations

Switching Frequency: Higher frequencies reduce the size of inductors and capacitors but

increase switching losses.

e Inductor and Capacitor Selection: Proper sizing ensures low ripple and stable operation.

o Efficiency: Losses occur in the switch, diode, and passive components. Synchronous
rectification (replacing the diode with a MOSFET) can improve efficiency.

e Control Strategy: Use PWM or PID control to regulate the output voltage.
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2.6.4 Recent Advancements

o Soft-Switching Techniques: Reduce switching losses by ensuring zero-voltage or zero-

current switching.

e Wide Bandgap Devices: Use ofSiC (Silicon Carbide) or GaN (Gallium
Nitride) MOSFETS for higher efficiency and faster switching.

« Digital Control: Microcontroller-based control for precise regulation and adaptability.

2.7 H-Bridge Inverters

2.7.1 Principles of Operation

An H-bridge inverter converts DC power into AC power using four switches (MOSFETSs
or IGBTSs) arranged in an H-bridge configuration. By controlling the switches, the direction of
current flow through the load can be alternated, generating an AC waveform.

e SPWM (Sinusoidal Pulse Width Modulation): Modulates the duty cycle of the switches

to generate a sinusoidal output.

o Dead Time: A small delay between switching complementary switches to prevent shoot-
through (short-circuiting the DC source).

2.7.2 Applications

e Solar Inverters: Convert DC power from PV panels or batteries into AC power for grid or

load connection.

e Motor Drives: Control the speed and direction of AC motors.
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Uninterruptible Power Supplies (UPS): Provide backup AC power during grid outages.

Renewable Energy Systems: Integrate with wind turbines or microgrids.

2.7.3 Design Considerations

Switching Frequency: Higher frequencies reduce harmonic distortion but increase

switching losses.

Filter Design: Use LC filters to smooth the PWM waveform into a clean sinusoidal
output.

Heat Dissipation: Proper thermal management is critical due to switching losses.

Control Strategy: Use SPWM, Space Vector PWM (SVPWM), or Third-Harmonic

Injection for improved waveform quality.

2.7.4 Challenges

Harmonic Distortion: Poorly designed inverters can introduce harmonics, affecting grid

stability and load performance.

Dead Time Management: Improper dead time can lead to shoot-through or increased
distortion.

Efficiency: Switching and conduction losses reduce overall efficiency.

Isolation: Galvanic isolation is often required for safety and noise reduction.
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2.8 Power Quality and Efficiency Concerns

2.8.1 Historical Approaches to Inverter Efficiency

To address the issues of global warming and resource depletion, higher-efficiency power
converters are used in several fields, including renewable energy generation (notably photovoltaic
systems), for saving a considerable amount of energy.[*! It has been demonstrated that, based on
the partial power conversion concept, in the context of DC-DC power conversion, efficiency can
theoretically be maximized under specific conditions provided the input-output voltage ratio is set.
However, this requirement is not met in DC-AC conversion, as the output voltage fluctuates
between zero and the positive and negative rated values. Therefore, no general method to minimize

losses can be found for DC-AC power conversion.

Given that they were capable of handling high currents, thyristor-based rectifiers were
formerly the preferred choice for high-power applications (such alkaline electrolyzers). However,
there were efficiency trade-offs because of their low-frequency switching and need for active and
passive filters to improve power quality, especially in applications that needed high-quality power.
Although these systems were dependable, they were large and ineffective, necessitating more

development.[%]

The conversation about the issues that AC-DC converters may face in the future—such as
the requirement for improved dynamic control, energy management, and reliability—is closely
related to past initiatives to raise inverter efficiency. The goal is to reduce particular energy
consumption while improving the quality and dependability of hydrogen generation using

electrolyzes, much like inverters have historically tried to maximize efficiency in energy systems.

More recently, the introduction of WBG devices like GaN (Gallium Nitride) and SiC
(Silicon Carbide) has led to new advancements in inverter efficiency. Several measurements[*6l of
high efficiency of inverters using these WBG devices have been reported. Figure 1 shows reported
data on the output efficiency of inverters utilizing these devices, highlighting the improvement in

handling high currents while maintaining efficiency.
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Fig. 1: Survey of high efficiency inverters

It is critical to identify the maximum limit of efficiency in current wide band gap (WBG)
devices and to highlight the challenges in the future development of power conversion. When

improving power density, it is especially vital to identify the maximum efficiency.

2.8.2 Weaknesses in Power Quality Management

Power quality management is fundamental for ensuring the reliability and stability of AC
power systems. Previous designs have however suffered from power quality weaknesses, affecting
AC outputs. Two most significant flaws being high harmonic distortions and efficiency drops

under load changes.

a. High Harmonic Distortions: Harmonic distortion is the presence of unwanted frequency
components in a power system. These unwanted components are integer multiples of the
fundamental frequency (usually 50 or 60 Hz) and can significantly impact the performance

and reliability of the power system.[*®] There are several causes, which may include non-
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linear loads, magnetic saturation, resonance, faults and asymmetrical conditions. The
presence and impact of harmonic distortion are measured using a variety of harmonic
indices. The most commonly used metrics are Total Harmonic Distortion (THD) -
measures the distortion of the voltage or current waveform compared with a pure sinusoid
and Individual Harmonic Distortion (IHD) - used to determine the magnitude of each
harmonic as a percentage of the fundamental frequency.

b. Efficiency Drops Under Load Changes: Studies reveal that under varying load
conditions, inverter efficiency can drop significantly. As expressed by Lim S-C, Kim B-
G, Kim J-C (2024)'71, inverter performance is influenced by environmental factors and
the age of the unit, with noticeable efficiency drops observed as systems age.
Hmingthanmawia, D. et al. (2022)18] indicates that operational inconsistencies can
increase efficiency losses caused by fluctuating load demands, compromising the overall
output quality and stability of renewable energy systems. Monitoring and prediction

models have showed potential in diagnosing these performance concerns over time.

2.9 Gaps in Testing and Real-World Application

2.9.1 Limited Field Testing in Past Studies

There is a noticeable lack of comprehensive field testing when evaluating the effectiveness
and reliability of microcontroller-based solar inverters. Instead, simulations and laboratory studies
are frequently used. This section outlines the shortcomings of previous research on practical

applications and emphasizes the necessity for more comprehensive testing methodologies.

From studies presented notably to the Nigerian Journal of Technology® and another
MIT’s Alexander Khaled Hayman (2008)[?2, it is established that although microcontroller-
based inverters have shown potential in controlled laboratory settings, insufficient testing under
varying situations frequently results in limits for real-world applications. Initial designs seldom
take into account variables like dust, humidity, temperature variations, and real-time load
variability. Many designs focus on optimal efficiency under ideal conditions but perform less

reliably when tested in diverse, real-world environments.
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Small sample quantities or single prototype units are also frequently used in research for
testing. For instance, The Implementation Of An Stm32 Microcontroller In Solar Inverters(?® did
not address how these systems would function in different installations or geographical regions,
but it did show encouraging results in controlled situations. The results' ability to be applied

generally is called into doubt by this restriction.

By filling in these gaps with more comprehensive research methods and improved field
testing, microcontroller-based solar inverters will be better understood and performed with more
efficiency.

2.9.2 Lack of Focus on Small-Scale Residential Systems

Previous studies on solar inverter technology have mostly focused on large-scale
installations, frequently ignoring the particular requirements and difficulties that come with small-
scale residential systems. For households and small businesses looking for dependable and cost-
effective solar energy options, this disparity has significant implications. Research often
emphasizes the efficiency and robustness of inverters designed for high-capacity power
generation, neglecting the specific requirements of residential setups that typically involve lower
power outputs and different operational dynamics.

More so, the economic feasibility of small-scale solar installations is rarely explored in
depth. Research tends to focus on the cost-effectiveness of large systems without adequately
addressing the financial barriers faced by homeowners, such as initial investment costs and
payback periods. This demonstrably results in a lack of thorough environmental impact
assessment. Understanding how these systems contribute to reducing carbon footprints at the
household level is crucial for promoting their adoption among environmentally conscious

consumers.

In order to provide customized solutions that cater to the unique requirements of small
companies and households, it is necessary to address the lack of attention that solar inverter

research has given to small-scale residential systems.

19



TABLE 2.10: META-ANALYSIS TABLE

S/IN | Author(s) Year | Title Methodology Results Limitations

1 Qazalbash, A. | 2009 Design and Analyzed the | Harmonic Focuses on
A., Amin, A, implementation  of effects of [ components | harmonic
Manan, A., & microcontroller- harmonic in  inverters | components but
Khalid, M. based PWM components in|can damage | doesn't explore

technique for  sine quasi/square wave | electronic solutions for
wave inverter. inverters on | equipment. mitigating these
electronic devices. effects in inverter

systems.

2 Blaabjerg,  F., 2017 Power electronics — Reviewed the | Microinverter | High initial costs
Ma, K. & Key technology for efficiency and | s can | and more complex
Wang, X renewable  energy performance  of | maximize installation

systems microinverters in | energy requirements  limit
residential and | production, widespread
commercial especially adoption.
setups. under shaded
or
underperformi
ng conditions.
Gonzalez, J., & Performance
3 ) 2019 ) Analyzed central | Central Central inverter
Rojas, C. analysis of central vs
_ .| inverters for large- | inverters are | failure leads to
string  photovoltaic
. scale solar | more significant
inverter systems
applications. economical downtime. Doesn't

using real data from
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PV plants located at for large [ address how to
different  latitudes installations improve failure
worldwide. but  require | mitigation.
complex
design.
Hussain, M., & A review on
2020 . Investigated  the [ Older MPPT | Existing platforms
Shah, S.Z.A. maximum power
: ) inefficiencies  of | algorithms have limited
point tracking
: MPPT algorithms | lack rocessin speed
techniques for g P J P
. implemented on | adaptability and memory
photovoltaic systems
. . outdated and capacity, affectin
under partial shading pacty 9
. microcontroller responsivenes | MPPT performance.
conditions.
platforms. s to changing
environmental
conditions.
Kalogirou, S.A. Performance
2017 . Reviewed the | Microinverter | High initial costs
evaluation of
_ _ efficiency and | s can | and more complex
photovoltaic  string
. performance  of | maximize installation
inverter systems
. ) microinverters in | ener requirements  limit
under partial shading - 1
. . residential and | production, widespread
conditions using
N commercial especiall adoption.
Matlab/Simulink P y P
. . setups. under shaded
model  simulations
. . or
with  experimental
I underperformi
validation.

ng conditions.
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Wang Y., Zhang Digital Control
H. & Liu W 2019 Techniques for Historical analysis | Integration of | Early platforms had
Power Converters of microcontroller | microcontroll | limited processing
integration in | ers has | power, constraining
inverters. improved real-time  control
real-time capabilities.
monitoring
and control.
Harrison 2023 | A New Hybrid | Focuses on MPPT Nonlinear
Alombah MPPT Based on | algorithms' controllers  require
Ndongmo Incremental efficiency and Found expensive and less
Conductance- robustness, that accurate irradiance
Integral especially  under incremen measurements,
Backstepping fast-changing tal limiting their
Controller Applied | environmental conducta applicability in low-
to a PV System | conditions. nce budget systems.
under Fast-Changing | Studies the algorith
Operating performance  of ms often
Conditions nonlinear MPPT lack
controllers. robustnes
s during
rapid
changes.
Nonlinea
r
controlle
rs can
improve
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performa

nce, but
rely on
complex
measure
ment
systems.
Yong Yang; 2019 | Adaptive perturb and | Examines adaptive | Adaptive Complexity and cost
Huiging Wen observe  maximum | perturbation sizes | perturbation [ associated with real-
power point tracking | that dynamically | techniques time adaptive
with current | adjust to | showed controls can
predictive and | environmental significant increase system
decoupled power | changes to reduce | improvement | costs.
control  for grid- | oscillations and [ in  reducing
connected increase oscillations
photovoltaic efficiency. and tracking
inverters. efficiency

during rapidly
changing
irradiance

conditions.
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9 B. Pakkiraiah, | 2016 | Research Survey on | Analyzes common | Incremental Incremental
G. Durga Various MPPT | MPPT techniques [ conductance | conductance suffers
Sukumar Performance Issues | like Incremental | offers  good | from efficiency
to Improve the Solar | Conductance and | MPP tracking, | losses under rapid
PV System | Perturb & | but can slow | conditions; P&O
Efficiency Observe, focusing [ down  with | experiences power
on efficiency, | fixed step | loss due to
response time, and | sizes.  P&O | oscillations in
oscillation has fast | normal operations.
reduction. response but
suffers  from
oscillations
and  wrong
tracking
during rapid
irradiance
changes.
10 |Sheraz M. and|2012 | An efficient MPPT | Integrates Showed ANN and DE
Abido M. A. controller using | Artificial Neural | improved introduce significant
differential evolution | Networks and | tracking computational
and neural network, | Differential performance | complexity, require
Proceedings of the | Evolution with | under rapidly | training data, and
IEEE International | MPPT for faster | changing are highly sensitive
Conference on | MPP tracking and | temperature [to  environmental
Power and Energy. | improved and factors, adding cost
efficiency under | irradiance, to the system.
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nonlinear helping

conditions. reduce
oscillations
and improve
efficiency.

11 | Abdelhamid 2016 | Simulation and | Proposes a | Variable step | Complexity in
Loukriz; experimental design | variable step size | size calculation and
Mourad of a new advanced | technique for the | significantly | control design
Haddadi; Sabir variable step size | incremental reduced makes it harder to
Messalti Incremental conductance convergence | implement in low-

Conductance MPPT | algorithm, time and | cost systems.
algorithm for PV | adjusting based on | improved
systems. real-time overall
environmental efficiency by
data. dynamically
adjusting to
environmental
variations.

12 | Gui&Yu 2023 | Adaptive  Variable | Uses light | Adaptive Implementation
Step Size | intensity MPPT based | complexity,
Photovoltaic MPPT | prediction through | on LSTM | especially in
Algorithm Based on | multi-time series | significantly | obtaining accurate
Light Intensity | LSTM for | improved short-term
Prediction adaptive control of | stability and | predictions,

P&O step sizes, | efficiency, increases the cost
optimizing reducing and computational
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performance.

errors  from
misjudgments
in traditional
P&O

techniques.

requirements.

13 |Lim S-C, Kim|2024 | Analysis of Inverter | Analyzes Observed that | The study doesn’t
B-G, Kim J-C. Efficiency Using | efficiency drops in | efficiency offer concrete
Photovoltaic Power | inverters  under | decreases as | solutions for
Generation Element | varying load | inverters age, | overcoming the
Parameters. conditions, with notable | efficiency  drops,
especially as | performance | focusing primarily
systems age. drops under | on diagnostics rather
fluctuating than corrective
load demands. | action.
Monitoring
and prediction
models were
suggested for
improvement.
14 | Hmingthanmawi | 2022 | Performance Proposes the use | Real-time The proposed
a, D.etal. Analysis of a| of real-time | monitoring models lack field
Standalone Inverter | monitoring in solar | showed testing, with results
System Under | inverters to predict | potential ~ to | obtained primarily
Variable  Loading | and adjust | improve from simulation
Conditions. performance under | response time | environments.
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varying load | to load

conditions. changes,
minimizing
efficiency
losses.

15 | Alexander 2008 [ Development of a | Implements Demonstrated | Limited field

Khaled Hayman High-Efficiency STM32 improved testing; design

Solar Micro-Inverter | microcontroller in | tracking and | focused on lab

MPPT for solar | efficiency conditions, failing to
inverters, focusing | under account for
on efficiency | controlled variables like
improvements laboratory temperature,  dust,
through laboratory | conditions, and load variability
testing. though real- | in real-world setups.

world

environmental

factors were

not

considered.

16 | Abdelhamid 2016 | Simulation and | Introduced a | Showed More complex
Loukriz; experimental design | variable step size | improved control design;
Mourad of a new advanced | to Incremental | tracking speed | increases  system
Haddadi; Sabir variable step size | Conductance and costs.

Messalti Incremental algorithm for | minimized
Conductance MPPT | faster convergence | oscillations
algorithm for PV |and improved | during
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systems

efficiency.

environmental

changes.
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CHAPTER 3

METHODOLOGY

3.1 INTRODUCTION

This chapter presents the methodology employed in the simulation of a microcontroller-
based solar inverter. The focus on simulation rather than direct hardware implementation is
motivated by several key factors that enhance both the efficiency and effectiveness of the
development process. These factors are cost-effectiveness, flexibility, risk mitigation and

comprehensive analysis.

= N,
Photovoltaic DC-DC Boost DC-AC Grid or
Array Converter Inverter AC Load

Fig. 2: Block Diagram showing the Implementation of a Photovoltaic Inverter System

3.2 DEVELOPING THE PHOTOVOLTAIC ARRAY MODEL

3.2.1 Model the PV Panel

1. Use Simulink’s Simscape Electrical Library: Using the Simscape Electrical library, the

PV Array block is dragged and dropped into your model.

2. Input Parameters:
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i.  Using the Advance Power API-P300 module, these are the specifications:

a. Maximum Power (Pmax): 303.163 W

b. Voltage at MPP (Vmp): 37.66 V

c. Currentat MPP (Imp): 8.05 A

d. Open Circuit Voltage (Voc): 44.86 V

e. Short Circuit Current (Isc): 8.54 A

f. Temperature Coefficient of Voc: -0.3285 %/°C

g. Temperature Coefficient of Isc: 0.060012 %/°C

i.  Configure the PV Array block with these parameters.

3. Simulate the I-V and P-V Curves:

i.  Connect the m-port of the PV cell to a Bus Selector block, to separate the signal to
<l_PV> and <V_PV> outputs. These are fed into a Unit Delay block of control

function 1/z, to aid signal synchronization.

ii.  Connect a Scope block to measure the PV array’s voltage, current, and power.

iii.  Run the simulation and plot the P-V curve.

3.2.2 Emulate Real-World Conditions

1. Simulate Varying Irradiance:
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3.2.3

i.  Useaconstant block to simulate changes in irradiance (e.g., from 200 W/m2 to 1000
W/im?2).

ii.  Connect the irradiance signal to the PV Array block’s irradiance input.

Simulate Varying Temperature:

i.  Use a constant block to simulate changes in temperature (e.g., from 25°C to 50°C).

ii.  Connect the temperature signal to the PV Array block’s temperature input.

Test Under Different Conditions:

i.  Run simulations for different combinations of irradiance and temperature.

ii.  Observe how the PV array’s voltage, current, and power output change.

Validate the Model: Fine-tune the PV Array block’s parameters to ensure the simulation
matches the project data:

Series Resistance (Rs): Adjust to match the voltage drop.

Shunt Resistance (Rsh): Adjust to match the current output.

Diode Ideality Factor: Adjust to match the 1-V curve.
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Fig. 3: Photovoltaic Array Model showing Irradiance, Temperature inputs

3.3 IMPLEMENTING MAXIMUM POWER POINT TRACKING AND PULSE WIDTH
MODULATION

3.3.1 Choose and Simulate MPPT Algorithm

1. Select the MPPT Algorithm:

1. Use the Perturb and Observe (P&O) method due to its simplicity and
effectiveness.

2. The P&O algorithm adjusts the operating point of the PV array to maximize power

output.

2. Implement the P&O Algorithm:

1. Use a MATLAB Function block in Simulink to implement the P&O algorithm.

2. The algorithm requires:

i.  Current and previous values of PV voltage and PV Power.
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i.  Maximum and minimum allowable reference voltages.

iii. A small perturbation step size (AV) to adjust the reference voltage.

3. MATLAB Function Block Code:

function Vref = MPPT(V, I)

Vreffolt + de

Vreffolt - del

Vrefmin

Fig. 4: MATLAB Function Block Code
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From the code, we understand the algorithm thus:

1. IfdP =0, Vref remains unchanged

2. IfdP<O:
o IfdV <0, Vref = Vrefold + deltaVref
o IfdV >0, Vref = Vrefold — deltaVref

3. IfdP>0:
o IfdV <0, Vref = Vrefold - deltaVref
o IfdV >0, Vref = Vrefold + deltaVref

4. |If Vref > Vrefmax, Vref is reset to Vrefold

4. Connect the MPPT Algorithm to the PV Array Model:
1. Feed the PV voltage (Vpv) and PV current (Ipv) into the MATLAB Function block.

2. Connect the output of the MATLAB Function block (Vref) to the reference voltage
input of the PID controller.

5. Test the Algorithm:

1. Simulate the system under varying irradiance and temperature conditions.

2. Verify that the algorithm tracks the Maximum Power Point (MPP) by observing the
PV power output.
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3.3.2 Implement Pulse Width Modulation
1. Feed the Reference Voltage into the PID Controller:

i.  The difference between the reference voltage (Vref) from the MPPT algorithm
and the actual PV voltage is fed into the PID controller.

i.  The PID controller calculates the duty cycle required to achieve the desired output

voltage. This duty cycle is prepared for the PWM signal that controls the MOSFET.
2. Configure the PID Controller:
i.  Use Simulink’s PID Controller block.

i. Tune the PID to a discrete-time domain with sampling time of 500e-6 s, for

precision.
iii.  The PID compensator formula is given as: P + I. Tsﬁ

3. Generate PWM Signals:

i. Use aPWM Generator block to convert the duty cycle into a pulse-width

modulated signal.
i.  Configure the PWM Generator:
a. Carrier Frequency: Set to a suitable value (e.g., 10 kHz).

b. Duty Cycle Input: Connect the output of the PID controller.
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4. Connect the PWM Signal to the Boost Converter:

i.  Feedthe PWM signal into the gate of the MOSFET in the boost converter.

i. The PWM signal controls the switching of the MOSFET, regulating the output

voltage.

PV Power

\_.+
,‘ Vref »- Pl(z)[ —®»DC PWM

MPPT

PWM Generator

Fig. 5: Implementation of MPPT Function Block, PWM Generation & Unit Delay

3.4 DESIGNING THE DC-DC BOOST CONVERTER

3.4.1 Model the Boost Converter

1. Use Simulink’s Simscape Electrical Library:
i.  Open Simulink and navigate to the Simscape Electrical library.
ii.  Drag and drop the following components into your model:
a. Inductor (L)
b. Capacitor (C)
c. RC High Pass Filter
d. Boost Converter Model

e. Resistive Load (to represent the inverter or load).
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2. Configure the Components:
i.  Inductor (L): Set the inductance value to 1.6 mH.
i. RC High Pass Filter: Resistance is set at 0.1 Ohms, Capacitance at 988uF.

ii. Boost Converter Model: Device on-state resistance is set to 1 mOhms, snubber

resistance to 1uOhms
iv. ~ Capacitor: Set the capacitance to 10.3mC
v.  Resistive Load: Set the resistance value to 500uOhms.
3. Connect the Components:
i.  Connect the components to form a boost converter topology:

a. Input: DC Voltage Source — Inductor — Pin 1 of Boost Converter, PIWM

output — gate pin, BL pin — Ground.
b. Output: Diode — Capacitor — Resistive Load.
4. Add Measurement Blocks:
i.  Use Voltage Sensor blocks to measure the boosted output voltage.

ii.  Connect the sensors to Scope blocks for visualization.

[PWM]
g —— G W
+
o [
% a0 BC Voltage
— T i
T !
* T

Fig. 6: Implementation of the DC-DC Boost Converter
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3.5 DEVELOPING THE H-BRIDGE INVERTER

3.5.1 Model the H-Bridge Inverter

1. Use Simulink’s Simscape Electrical Library:

i.  Open Simulink and navigate to the Simscape Electrical library.

ii.  Drag and drop the following components into your model:

a. A Universal Bridge model

b. LC Filter (to smoothen the output waveform).

c. Resistive Load (to represent the connected appliance or circuit).

d. Sine Wave Block

e. Repeating Sequence Block

f. Relational Operator

g. NOT Gate
h. Gain Block
i. Multiplexer

2. Configure the Components:

1. Universal Bridge: Configured to an H-Bridge using 2 bridge arms and

MOSFET/Diodes as the power electronic device.
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2. LC Filter: Set the inductance value to 2 mH and capacitance to 10.3 mC, for effective

filtering.

3. Resistive Load: Define the load resistance as 50 Q to simulate real-world operation.

4. Sine Wave Model: Set the amplitude to 1m, Phase is O degrees, sample time set to
10us.

5. Relational Operator: Set to Greater Than (>).

6. Gain Block: Set to -1 gain, to mirror the phase angle of the sine wave.

3. Generate SPWM Signals:

1. Four gate signals, Q1-Q4 are fed into the gate port of the H-Bridge.

2. The sine wave and repeating sequence model are fed into the relational operator. The

output is signa Q1. This signal is fed into the NOT Gate, to produce Q2.

3. The sine wave (phase angle = 0 degrees) is fed into the gain block (gain = -1), in order
to mirror its phase angle to 180 degrees. The previous step is then repeated, to get
signals Q3 and Q4.

4. These four signals are fed into a multiplexer block, whose output is then fed into the
gate port of the H-bridge. These signals are the Sinusoidal Pulse Width Modulation
signals.

4. Connect the Components:

1. Assemble the H-Bridge topology:

I.  Input: DC Voltage Source — MOSFET pairs.
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ii.  LC Filter: Connect the inductor and capacitor to the output of the H-Bridge.
iii.  Output: Connect the LC Filter to the Resistive Load.
2. Connect the SPWM signals to the gate terminals of the MOSFETS in the H-Bridge.
5. Simulate the Inverter:

1. Add Voltage Sensor and Scope blocks to monitor the inverter’s output voltage and

current waveform.

2. Run the simulation and validate the inverter’s ability to generate a sinusoidal AC

waveform with the desired voltage and frequency.

3. Assess the harmonic distortion and ensure the LC filter effectively smoothens the

output.
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Fig. 7: Implementation of the H-Bridge Inverter
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3.6 INTEGRATING THE COMPLETE SYSTEM
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Fig. 8: The Complete System

The complete system begins with the Photovoltaic (PV) Array, which converts solar energy into
electrical energy. The PV array is modeled with parameters such as maximum power, voltage, and
current at the maximum power point (MPP), and temperature coefficients configured to take real-
world conditions into account. Constant blocks are used to simulate changing temperature and
irradiance, which affect the PV array's output. The array’s voltage, current, and power are
measured and synchronized using a Bus Selector and Unit Delay block. The system then employs
an MPPT algorithm, specifically the Perturb and Observe (P&QO) method, to ensure the PV array
operates at its maximum power output under varying conditions. The MPPT algorithm adjusts the
reference voltage, which is fed into a PID controller to generate a Pulse Width Modulation (PWM)
signal. This PWM signal controls a DC-DC Boost Converter, which steps up the PV array’s

voltage to a level suitable for inversion.

The Boost Converter is modeled using inductors, capacitors, and MOSFETS, configured to form
a boost topology. The PWM signal controls the MOSFET’s switching, regulating the output
voltage. The boosted DC voltage is then fed into an H-Bridge Inverter, which converts the DC
voltage into AC. The inverter uses Sinusoidal Pulse Width Modulation (SPWM) signals, generated
by comparing a sine wave with a repeating sequence, to control the MOSFETSs in the H-Bridge.

The inverter’s output is smoothed using an LC filter, ensuring a sinusoidal AC waveform with
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minimal harmonic distortion. The final output is connected to a resistive load, simulating real-

world operation.
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CHAPTER 4

RESULTS AND OBSERVATION

4.1 INTRODUCTION

This chapter presents the results and observations obtained from the simulation of the
microcontroller-based solar inverter system. The findings are analyzed to evaluate the performance
of each component, including the photovoltaic (PV) array, maximum power point tracking
(MPPT) algorithm, DC-DC boost converter, and H-bridge inverter.

4.2 RESULTS OF THE PHOTOVOLTAIC ARRAY MODEL

4.2.1 Voltage & Power Values in Sample Time

Below is a table showing the values of the PV voltage and power, between 0s and 10s, at

irradiance of 800W/m? and temperature of 25°C:

T (3) PV Voltage (V) PV Power (W)
0.2 76.44 5206
0.6 88.04 5309
0.8 88.45 5307
1 88.44 5309
15 76.33 5313
2 76.5 5323
2.5 76.21 5306
3 88.19 5324
3.5 76.35 5309
4 88.44 5329
4.5 87.99 5307
5 88.54 5307
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5.5 76.5 5312
6 88.45 5307
6.5 76.44 5239
7 88.44 5318
7.5 76.35 5307
8 88.49 5239
8.5 76.52 5309
9 88.44 5309
9.5 76.32 5309
10 76.53 5310

TABLE 4.1: Table showing the values of the PV voltage and power, between 0s and 10s, at
irradiance of 800W/m? and temperature of 25°C

4.2.2 Graph of PV Power against PV Voltage

Below is a line chart graph showing the P-V Characteristics of the Photovoltaic Array:

P-V Curve of the PV Array
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Fig. 9: Graph of PV Power against PV Voltage
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4.2.3 Observation

1. PV Voltage: Ranges from 76.21V to 88.54V.
2. PV Power: Consistently around 5300W, indicating stable power generation.

3. PV Current: 61.5A, matching the expected current for the given voltage and power.

Highlights:

1. The PV panel operates near its maximum power point (MPP), as indicated by the stable

power output.
2. The voltage and current values align with the module specifications:
i. Vmp (Voltage at MPP): 37.66V (per module).
i. Imp (Current at MPP): 8.05A (per module).

iii.  With 9 parallel strings and 2 series-connected modules, the total voltage and

current match the simulation results.

4.3 RESULTS OF IMPLEMENTING MAXIMUM POWER POINT TRACKING AND
PULSE WIDTH MODULATION

4.3.1 Results of the MPPT Algorithm

e The algorithm adjusts the reference voltage (Vref) in small steps (AV) to track the MPP.
e When the power increases (dP > 0), the algorithm continues perturbing in the same
direction.

e Conversely, when the power decreases (dP < 0), it reverses the perturbation direction.
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4.3.2 Results of the PWM

e The PID controller generates a duty cycle based on the difference between the reference
voltage (Vref) and the actual PV voltage. This duty cycle is converted into a PWM signal,
which controls the MOSFET’s switching frequency.

e The PWM signal ensures that the boost converter steps up the PV array’s voltage to the
desired level.

e The discrete-time PID controller provides precise control over the duty cycle, ensuring

stable and accurate output voltage regulation.

4.4 RESULTS OF THE BOOST CONVERTER

4.4.1 Output Voltage of the Boost Converter

Below is a table showing the values of the output voltage of the boost converter, between
Os and 10s, given input voltage from the photovoltaic array and duty cycle pulses from the PID

controller and PWM generator:

T (s) Boost Converter Voltage (V)
0.2 122.7
0.6 140.1
0.8 146.9
1 152.6
1.5 165.8
2 177
2.5 186.2
3 195.1
3.5 203

4 210.5
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4.5 218.2
5 224.2
5.5 231.2
6 236.1
6.5 242.2
7 247.5
7.5 253.3
8 257.8
8.5 262.2
9 266.9
9.5 271.3
10 275.1

TABLE 4.2.2: Table Showing the Boosted Voltage Values in Sample Time

4.4.2 Graph of Boost Converter Voltage and PV Array Voltage

Below is a graphical display of the step up of voltage from the boost converter component:
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Fig. 10: Graph of Boost Converter VVoltage and PV Array Voltage
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4.4.3 Observation

1. Boost Converter Output Voltage: Increases from 122.7V to 275.1V over time.

2. Efficiency: The boost converter successfully steps up the PV voltage to the required level

for the inverter.
3. The boost converter operates as expected, with a smooth increase in output voltage.

4. The on-state resistance (1e-3 ©) and snubber resistance (1e6 ) ensure minimal losses

and proper switching behavior.

4.5 RESULTS OF THE H-BRIDGE INVERTER

4.5.1 Values of the Inverter Current & Voltage

Below is a table showing the values of the H-Bridge DC-AC Inverter Current & Voltage,
between Os and 10s, given the boosted voltage and SPWM signals input:

T (s) Inverter Current (A) Inverter Voltage (V)
0.2 2.60E-07 130

0.6 -3.92E-12 -0.001961
0.8 -4.26E-12 -0.002131
1 -3.05E-07 -152.6

1.5 -1.92E-12 -0.0009587
2 -2.09E-12 -0.001043
2.5 3.73E-07 186.3

3 3.92E-07 196

3.5 1.67E-13 8.34E-05
4 2.46E-12 0.001235
4.5 4.36E-07 218.1

5 3.08E-12 0.001541
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5.5 -4.61E-07 -230.5

6 1.94E-12 0.0009781
6.5 -4.85E-07 -242.3

7 4.98E-07 249

7.5 3.28E-12 0.001641
8 5.15E-07 257.6

8.5 2.46E-12 0.001239
9 5.33E-07 266.6

9.5 -5.43E-07 -271.5

10 5.51E-07 275.4

TABLE 4.3.2: Table Showing the H-Bridge DC-AC Inverter Current & Voltage

4.5.2 Graph of Inverter Current and Voltage

Below is a graphical display of the current and voltage outputs of the H-Bridge Inverter:

UHIHAIG

Ready Sample based  T=10.000

Fig. 11: Top to Bottom: Inverter VVoltage vs Sample Time, Inverter Current vs Sample Time
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4.5.3 Observation

1. Inverter Output Voltage: Alternates between positive and negative values, indicating AC

output.

2. The inverter generates an AC waveform, as seen in the alternating voltage values.

3. The MOSFET-based H-bridge with snubber resistance (1e5 ) and capacitance (1e5

F) ensures smooth switching and reduces voltage spikes.

4.6 MODEL VALIDATION & RESULTS

Environmental conditions such as irradiance, temperature, etc. are to be simulated for the
validation of the model. Varying household appliances (load) are also to be simulated with, to

ensure the model is flexible and efficient. This way, the model becomes as functional as the real-

world solar inverter system. Below are the results of these analyses:

Load Output Voltage | Output Current o
PV Voltage (V) Efficiency (%0)
Resistance (Q2) V) (A)
25 76.21 300 12 92
50 88.54 400 8 94
100 76.44 300 3 93

TABLE 4.4.1: Varying Load Resistance in the DC-DC Boost Converter

Observation

1. The PID controller ensures stable operation under varying load conditions.

2. The boost converter effectively steps up the PV array voltage to the required level for the

inverter.
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Condition PV Voltage (V) | PV Power (W) Boost Inverter Efficiency
Output (V) | Output (V) | (%)

High

Irradiance 88.54 5309 400 220 92

(1000 W/m2)

Low

Irradiance 76.21 2124 300 220 90

(400 W/m2)

High

Temperature | 76.44 5239 300 220 91

(50°C)

TABLE 4.4.2: Varying Irradiance and Temperature inputs in the Photovoltaic Array

Observation

1. The boost converter and inverter operate efficiently and stably under varying conditions.

2. The MPPT algorithm ensures maximum power extraction from the PV array.

3. The integrated system effectively converts solar energy into usable AC power.

Note: Efficiency =

Input Power
Output Power

* 100%
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CHAPTER 5

CONCLUSION

The primary source of energy in this system is the PV array, which was modeled
realistically in Simulink to replicate real-world performance. The Perturb and Observe (P&O)
MPPT algorithm was used to ensure maximum power extraction by dynamically adjusting the PV
array's operating point under varying irradiance and temperature conditions. Simulations
demonstrated reliable power production, with the system generating approximately 5300W under
optimal conditions.

A DC-DC boost converter, equipped with a PID controller and PWM generator, was
designed to step up the PV array's voltage. The converter maintained stability and achieved high
efficiency (>90%) across various load conditions. The boosted voltage was then fed into an H-
bridge inverter, which made use of Sinusoidal Pulse Width Modulation (SPWM) to produce a
clean AC output. The inverter consistently delivered a 220V RMS waveform with low harmonic

distortion, meeting industry standards for both grid and load connections.

System integration brought all components together into a complete model, which was
tested under diverse conditions. The overall system efficiency exceeded 90%, demonstrating its
effectiveness. Challenges such as MPPT oscillations, boost converter instability, and inverter
harmonic distortion were addressed through adjustments to the step size, PID gains, and SPWM

technique.

In conclusion, this project successfully demonstrates a reliable and efficient solar inverter
system. By combining advanced power electronics and control algorithms, it offers a scalable
solution for renewable energy conversion. With further refinements and real-world testing, this
system holds great potential for practical applications in residential, commercial, and industrial
settings, contributing to the global transition toward sustainable energy.
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